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(57) ABSTRACT

A 3D ftlash memory 1s provided to includes a gate stack
structure comprising a plurality of gate layers electrically
insulated from each other, a cylindrical channel pillar ver-
tically extending through each gate layer of the gate stack
structure, a first conductive pillar vertically extending
through the gate stack structure, the first conductive pillar
being located within the cylindrical channel pillar and being
clectrically connected to the cylindrical channel pillar, and a
second conductive pillar extending through the gate stack
structure, the second conductive pillar being located within
the cylindrical channel pillar and being electrically con-
nected to the cylindrical channel pillar, the first conductive
pillar and the second conductive pillar being separated from
cach other. The 3D flash memory also 1ncludes a ferroelec-
tric layer disposed between gate layers of the gate stack
structure and the cylindrical channel pillar.
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3D AND FLASH MEMORY ARCHITECTURE
WITH FEFET

PRIORITY APPLICATION

This application claims the benefit of U.S. Provisional

Patent Application No. 62/897,402 filed 9 Sep. 2019; which
application 1s incorporated herein by reference.

BACKGROUND
Field of Invention

The present invention relates to 3D flash memory and in
particular relates to 3D AND or 3D NOR flash memory
architecture and control logic.

Description of Related Art

Non-volatile memory (such as a flash memory) 1s widely
used in personal computers and other electronic devices
because 1t has an advantage that the stored data does not
disappear after the computer and/or devices are powered ofl.

As 3D AND flash memory becomes ever increasingly
used 1n electronic devices, a need arises to develop a 3D
AND flash memory that 1s smaller, so that larger memory
capacities can be implemented 1n electronic devices, even as
they themselves become smaller. Further another need arises
to develop an 3D AND flash memory that 1s more eflicient
and that operates at higher speeds. The increased efliciency
allows battery operated electronics to operate longer on a
single charge and the increase speed allows the electronic
devices to operate faster.

Therefore, 1t 1s desirable to provide a 3D AND flash
memory architecture that 1s smaller, more eflicient and
taster. The technology disclosed achieves these characteris-
tics by forming cylindrical channel pillars and by mmple-
menting ferroelectric matenials to form Ferroelectric Field
Effect Transistors (FeFET). The cylindrical channel pillars
can be elliptically shaped, circularly shaped or some other
type of shape.

SUMMARY

The present mvention provides a 3D flash memory. The
3D flash memory includes a gate stack structure comprising
a plurality of gate layers electrically mnsulated from each
other, a cylindrical channel pillar vertically extending
through each gate layer of the gate stack structure, a first
conductive pillar vertically extending through the gate stack
structure, the first conductive pillar being located within the
cylindrical channel pillar and being electrically connected to
the cylindrical channel pillar, a second conductive pillar
vertically extending through the gate stack structure, the
second conductive pillar being located within the cylindrical
channel pillar and being electrically connected to the cylin-
drical channel pillar, the first conductive pillar and the
second conductive pillar being separated from each other;
and a ferroelectric layer disposed between gate layers of the
gate stack structure and the cylindrical channel pillar. The
cylindrical channel pillar can be elliptical (elliptically
shaped) or circular (circularly shaped) or of another type of
shape. The 3D architecture described throughout this docu-
ment can be mmplemented as a 3D AND or a 3D NOR
device. While 3D AND i1s primarily describe the technology
disclosed 1s not limited thereto and can also be implemented
as a 3D NOR device.
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According to an aspect of the technology disclosed, an
insulating pillar 1s disposed within the cylindrical channel
pillar and between the first conductive pillar and the second
conductive pillar.

According to another aspect of the technology disclosed.,
a first buried conductor 1s disposed horizontally under the
gate stack and 1s electrically connected to the first conduc-
tive pillar, and a second buried conductor 1s disposed hori-
zontally under the gate stack and 1s electrically connected to
the second conductive pillar.

Further, according to one aspect of the technology dis-
closed, the ferroelectric layer vertically extends through the
gate stack structure.

In one aspect of the technology disclosed the ferroelectric
layer 1s on an upper surface and a lower surface of each gate
layer of the plurality of gate layers.

In another aspect of the technology disclosed the ferro-
clectric layer covers an outer surface of the cylindrical
channel pillar.

Moreover, according to an aspect of the technology
disclosed the cylindrical channel pillar 1s continuous 1n a
vertical direction.

According to an aspect of the technology disclosed the
terroelectric layer 1s comprised of a ferroelectric HIO,
material.

In a further aspect of the technology disclosed, the 3D
flash memory can include an insulator disposed between the
first conductive pillar and the second conductive pillar and
extending along a length of the first conductive pillar and the
second conductive pillar. The 1nsulator can separate the first
conductive pillar and the second conductive pillar from one
another.

In another aspect, the 3D flash memory includes a first
buried conductor disposed 1n a dielectric base onto which
the gate stack structure 1s disposed and connected to the first
conductive pillar, a second buried conductor disposed 1n the
dielectric base and connected to the second conductive
pillar, and a control circuit. The control circuit 1s configured
to perform a program operation on the 3D flash memory by:
providing a voltage of approximately +5 volts to +8 volts on
a selected word line connected to a selected gate layer of the
plurality of gate layers; providing a voltage of approxi-
mately O volts on a selected source line connected to the first
buried conductor connected to the first conductive pillar
within the cylindrical channel pillar; and providing a voltage
ol approximately O volts on a selected bit line connected to
the second buried conductor connected to the second con-
ductive pillar within the cylindrical channel pillar.

In one aspect, the 3D flash memory includes an 1nsulator
disposed between the first conductive pillar and the second
conductive pillar and extending along a length of the first
conductive pillar and the second conductive pillar, the
insulator separating the first conductive pillar and the second
conductive pillar from one another.

In a further aspect, the 3D flash memory includes a
control circuit. The control circuit 1s configured to perform
an erase operation on the 3D flash memory by: providing a
voltage V... of approximately -5 volts to -8 volts on a
selected word line connected to a selected gate layer of the
plurality of gate layers; providing a voltage of approxi-
mately 0 volts on a selected source line connected to the first
conductive pillar within the cylindrical channel pillar; and
providing a voltage of approximately O volts on a selected
bit line connected to the second conductive pillar within the
cylindrical channel pillar.

In another aspect, control circuit 1s further configured to
perform the erase operation on the 3D flash memory by:
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providing a voltage of approximately O volts to deselected
word lines connected to gate layers of the plurality of gate
layers, except for the selected gate layer; providing a voltage
of approximately (0.5)xV ... volts to a deselected source
line connected to a third conductive pillar within a second
cylindrical channel pillar; and providing a voltage of
approximately (0.5)xV... volts to a deselected bit line
connected to a fourth conductive pillar withun the second
cylindrical channel pillar.

In one aspect the 3D flash memory further includes a
second cylindrical channel pillar having the same structure
and arrangement as the cylindrical channel pillar, a third
conductive pillar having the same structure and arrangement
as the first conductive pillar, a fourth conductive pillar
having the same structure and arrangement as the second
conductive pillar, a control circuit. The control circuit is
configured to perform a read operation on the 3D flash
memory by: providing a voltage of approximately +2 volts
to +4 volts on a selected word line connected to a selected
gate layer of the plurality of gate layers; providing a voltage
of approximately O volts selected and deselected source lines
connected to the first conductive pillar within the cylindrical
channel pillar and connected to the third conductive pillar
within the second cylindrical channel pillar; and providing a
voltage of approximately +0.5 volts to +1.5 volts on a
selected bit line connected to the third conductive pillar
within the cylindrical channel pillar.

According to another aspect, the control circuit 1s further
configured to perform the read operation on the 3D flash
memory by: providing a voltage of approximately O volts to
-2 volts to deselected word lines connected to gate layers of
the plurality of gate layers, except for the selected gate layer;
and providing a voltage of approximately 0 volts to a
deselected bit line connected to the fourth conductive pillar
within the second cylindrical channel pillar.

Further, in another aspect, a control circuit configured to
program, erase and read a 3D flash memory 1s provided. The
3D flash memory includes a gate stack structure comprising
a plurality of gate layers electrically mnsulated from each
other, a cylindrical channel pillar vertically extending
through each gate layer of the gate stack structure, a first
conductive pillar vertically extending through the gate stack
structure, the first conductive pillar being located within the
cylindrical channel pillar and being electrically connected to
the cylindrical channel pillar, a second conductive pillar
vertically extending through the gate stack structure, the
second conductive pillar being located within the cylindrical
channel pillar and being electrically connected to the cylin-
drical channel pillar, the first conductive pillar and the
second conductive pillar being separated from each other,
and a ferroelectric layer disposed between each gate layer of
the gate stack structure and the cylindrical channel pillar.
Additionally, the control circuit 1s configured to variously
perform program, erase and read operations by: providing
various voltages to a selected word line connected to a
selected gate layer of the gate stack structure of the 3D flash
memory; providing various voltages to a selected bit line
connected to the second conductive pillar within the cylin-
drical channel pillar of the 3D flash memory; and providing
various voltages to a selected source line connected to the
first conductive pillar within the cylindrical channel pillar of
the 3D flash memory.

Additionally, a method of forming a gate stack including
a dielectric layer and a ferroelectric layer 1s provided. The
method can include forming a gate stack structure compris-
ing a plurality of gate layers electrically msulated from each
other, forming a cylindrical channel pillar vertically extend-
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ing through each gate layer of the gate stack structure,
forming a first conductive pillar vertically extending through
the gate stack structure, the first conductive pillar being
located within the cylindrical channel pillar and being
clectrically connected to the cylindrical channel pillar, form-
ing a second conductive pillar vertically extending through
the gate stack structure, the second conductive pillar being
located within the cylindrical channel pillar and being
clectrically connected to the cylindrical channel pillar, form-
ing an 1insulating pillar disposed within the cylindrical
channel pillar and between the first conductive pillar and the
second conductive pillar, and forming a ferroelectric layer
disposed between gate layers of the gate stack structure and
the cylindrical channel pillar.

Moreover, according to an aspect of the method, the
terroelectric lay can vertically extend through the gate stack
structure.

According to a further aspect of the method, a cross-
section of the ferroelectric layer 1s a cylinder, and wherein
the ferroelectric layer surrounds an outer surface of the
cylindrical channel pillar.

In one aspect, the method further includes disposing a first
buried conductor 1n a dielectric base onto which the gate
stack structure 1s disposed, the first buried conductor being
connected to the first conductive pillar, and disposing a
second buried conductor in the dielectric base, the second
buried conductor being connected to the first conductive
pillar.

In another aspect the channel layer forms a vertically
extending channel pillar that 1s continuous 1n a vertical
direction.

Other aspects and advantages of the present invention can
be seen on review of the drawings, the detailed description
and the claims, which follow.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic top view of a 3D AND flash memory
having a cylindrical channel pillar structure.

FIG. 2 1s a schematic top view of a 3D AND flash memory
having an elliptically shaped cylindrical channel pillar struc-
ture, according to an aspect of the technology disclosed.

FIG. 3 provides an orthogonal illustration of a 3D AND
flash memory having an elliptically shaped channel pillar
structure and a corresponding cross-sectional view of an
clliptically shaped channel pillar and gate stack structure,
according to an aspect of the technology disclosed.

FIG. 4 1llustrates various voltages applied to a 3D AND
flash memory to perform a read operation, according to an
aspect of the technology disclosed.

FIG. § 1illustrates various voltages applied to a 3D AND
flash memory to perform a program operation, according to
an aspect of the technology disclosed.

FIG. 6 illustrates various voltages applied to a 3D AND
flash memory to perform an erase operation, according to an
aspect of the technology disclosed.

FIG. 7 illustrates various steps performed to manufacture
a gate stack structure of a 3D AND flash memory according
to a first process.

FIG. 8 illustrates various steps performed to manufacture
a gate stack structure of a 3D AND flash memory according
to a first process.

FIG. 9 illustrates various steps performed to manufacture
a gate stack structure of a 3D AND flash memory according
to a first process.
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FIG. 10 1llustrates a step performed to manufacture a gate
stack structure of a 3D AND flash memory according to a

first process.

FI1G. 11 illustrates various steps performed to manufacture
a gate stack structure of a 3D AND flash memory according
to a second process.

FIG. 12 illustrates various steps performed to manufac-
ture a gate stack structure of a 3D AND flash memory
according to a second process.

FIG. 13 illustrates various steps performed to manufac-
ture a gate stack structure of a 3D AND flash memory
according to a second process.

FI1G. 14 1llustrates a step performed to manufacture a gate
stack structure of a 3D AND flash memory according to a
second process.

FIG. 15 illustrates a simplified block diagram of a 3D
AND flash memory, host and a controller configured to
perform operations on the 3D AND flash memory.

DETAILED DESCRIPTION

A detailed description of embodiments of the present
invention 1s provided with reference to the FIGS. 1-15.

FI1G. 1 1s a schematic top view of a 3D AND flash memory
having a cylindrical channel pillar structure.

Specifically, FIG. 1 illustrates a top view of a (ferroelec-
tric) 3D AND flash memory 100 that includes an msulating,
layer 102 comprised of, for example, silicon oxide. Below
the insulating layer 102 lies a stack structure (not 1illus-
trated). Further, the 3D AND flash memory 100 includes a
memory material 104 formed on an inner surface of an
opening created during the process of manufacturing the 3D
AND flash memory 100. The 3D AND flash memory 100
also includes a circular channel pillar 106 formed inside the
memory material 104. In one embodiment, the memory
material 104 can be continuous along the circular channel
pillar 106, allowing 102 to be an insulating layer or a gate
layer. In another embodiment (not illustrated), the memory
material 104 can be on an upper surface and a lower surface
of a gate layer (e.g., 102 1s a gate layer 1n this embodiment

and the memory material 104 1s on an upper surface and a
lower surtace of 102).

Additionally, the 3D AND flash memory 100 includes an
insulating layer 108 comprised of, for example, silicon
oxide. The 3D AND flash memory 100 also includes a first
conductive pillar 110 that can be a source pillar or a drain
pillar, a second conductive pillar 112 that can be a source
pillar or a drain pillar and an msulator 114 arranged between
the first conductive pillar 110 and the second conductive
pillar 112. A combination of the memory material 104, the
channel pillar 106, the insulating layer 108, the first con-
ductive pillar 110, the second conductive pillar 112 and the
insulator 114 can be referred to as a vertical channel that
extends through the stack structure.

As 1llustrated, this 3D AND flash memory 100 includes
several vertical channels. Example dimensions are illus-
trated with respect to the structure of the 3D AND flash
memory 100 and the vertical channels. These dimensions are
only for exemplary purposes, are not to scale and are
provided only in order to illustrate the space and size
reduction that can be achieved by the technology disclosed
(c.g., see description of FIG. 2 provided below). For
example, a diameter D of the memory material 104 can be
0.28 um, a spacing S from a leftmost side of a particular
vertical channel to a leftmost side of an adjacent vertical
channel can be 0.32 um and a length L of the 3D AND flash
memory 100 can be 1.5 um. The Unit Vertical Channel Area
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can be calculated as (SxL)/(number of rows of vertical
channels). Using the example measurements from above, the
Unit Vertical Channel Area equals (0.32 umx1.5 um)/4,
which is 0.12 um”.

The 3D architecture described throughout this document
can be implemented as a 3D AND or a 3D NOR device.
While 3D AND 1s primarily describe the technology dis-
closed 1s not limited thereto and can also be implemented as
a 3D NOR device.

FIG. 2 1s a schematic top view of a (ferroelectric) 3D
AND flash memory having an elliptically shaped cylindrical
channel pillar structure, according to an aspect of the tech-
nology disclosed.

Specifically, FIG. 2 illustrates a top view of 3D AND flash
memory 200 that 1s able to decrease the size (footprint) of
the vertical channels, which allows more memory to be
packed into a space than the 3D AND flash memory 100 of
FIG. 1. The 3D AND flash memory includes an insulating
layer 202 comprised of, for example, silicon oxide. Below
the msulating layer 202 lies a stack structure (not illustrated
here, but illustrated in subsequent figures). Further, the 3D
AND flash memory 200 includes a memory material 204
formed on an 1nner surface of an opening created during the
process of manufacturing the 3D AND flash memory 200.
As discussed below 1n more detail, the memory material 204
can be a ferroelectric layer, which improves efliciency and
performance of the 3D AND flash memory 200. The 3D
AND flash memory 200 also includes an elliptically shaped
cylindrical channel pillar 206 formed inside the memory
material 204. The memory material 204 1s also elliptically
shaped cylindrical. In other words, both the elliptically
shaped cylindrical channel pillar 206 and the elliptically
shaped cylindrical memory material 204 can have elliptical
cross-sections, as opposed to the circular cross-sections of
the memory material 104 and the channel pillar 106 illus-
trated in FIG. 1. With respect to the cross-sections men-
tioned above, note that the cylindrical channel pillar 206 and
the cylindrical memory materials 204 have a cross-section
that 1s orthogonal to a longitudinal axis of the cylinder (206,
204) and that cross-section can be circular, elliptical, rect-
angular or other polygonal. This cross-section can be elon-
gated so as to encompass the vertical source/drain conduc-
tors 1n one direction but have a reduced pitch in an
orthogonal direction. A structure 1s cylindrical when 1t has a
structure like a cylinder within vanations due to practicali-
ties of manufacturing and layout. The above-described
cross-sectional structure can be applied to any cylindrical
channel pillar memory materials described herein. This
clliptical shape 1s what allows the 3D AND flash memory
200 to have increased storage capacity than an equally si1zed
3D AND flash memory 100. In one embodiment, the
memory material 204 can be continuous along the circular
channel pillar 206, allowing 202 to be an 1nsulating layer or
a gate layer. In another embodiment (not illustrated), the
memory material 204 can be on an upper surface and a lower
surface of a gate layer (e.g., 202 1s a gate layer in this
embodiment and the memory material 204 1s on an upper
surface and a lower surface of 202).

Further, the 3D AND flash memory 200 includes an
insulating layer 208 comprised of, for example, silicon
oxide. The 3D AND flash memory 200 also includes a first
conductive pillar 210, a second conductive pillar 212 and an
insulator 214 arranged between the first conductive pillar
210 and the second conductive pillar 212. As illustrated, the
first conductive pillar 210 and the second conductive pillar
212 are separated from one another by both the insulator 214
and the insulating layer 208. A combination of the ellipti-
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cally shaped cylindrical memory material 204, the ellipti-
cally shaped cylindrical channel pillar 206, the insulating
layer 208, the first conductive pillar 210, the second con-
ductive pillar 212 and the msulator 214 can be referred to as
a vertical channel that extends through the stack structure.

As 1llustrated, this 3D AND flash memory 200 includes
several vertical channels. Example dimensions are 1llus-
trated with respect to the structure of the 3D AND flash
memory 200 and the vertical channels. These dimensions are
only for exemplary purposes, are not to scale and are
provided only in order to illustrate the space and size
reduction that can be achieved by the technology disclosed
in comparison to the 3D AND flash memory 100. For
example, a diameter D' (1.e., major axis diameter) of the
clliptically shaped memory material 204 can be 0.28 um, a
spacing S' from a leftmost side of a particular vertical
channel to a leftmost side of an adjacent vertical channel can
be 0.32 um and a length L' of the 3D AND flash memory 200
can be 0.98 um. The Unit Vertical Channel Area can be
calculated as (SxL)/(number of rows of vertical channels).
Using the example measurements from above, the Unit
Vertical Channel Area equals (0.32 umx0.98 um)/4, which 1s
0.0784 um=.

When comparing to the Unit Vertical Channel Area of the
3D AND flash memory 100 of 0.12 um-~ to the Unit Vertical
Cannel Area of the 3D AND flash memory 200 of 0.0784
um?, it is clear that the 3D flash memory 200 can offer a 35%
savings 1n area compared to the 3D AND flash memory 100.
This savings allows more memory to fit 1n a space and/or
allows for smaller memories that leave more room for other
components of an electronic device.

Additionally, a gap G between the vertical channels can
be, for example 0.04 um and a minor axis diameter D2 of the
vertical channels can be, for example, 0.15 um.

Further, the elliptically shaped cylindrical channel pillar
206 and the elliptically shaped memory material 204 can be
circular (circularly shaped) or of another type of shape. This
applies to all elliptical structures described throughout this
document.

FIG. 3 provides an orthogonal illustration of a 3D AND
flash memory having an elliptically shaped cylindrical chan-
nel pillar structure and a corresponding cross-sectional view
of an elliptically shaped cylindrical channel pillar and gate
stack structure, according to an aspect of the technology
disclosed.

Specifically, FIG. 3 includes an orthogonal view 300 of a
3D AND flash memory and a cross-sectional view 350 of the
3D AND flash memory. The 3D AND flash memory includes
a gate stack structure 302, which includes a plurality of gate
layers 304, where the gate layers 304 are electrically insu-
lated from one another by an insulator. However, the 1nsu-
lator between each of the gate layers 304 1s not 1llustrated 1n
FIG. 3. In this aspect of the technology disclosed, ferroelec-
tric layers 306 are on upper surfaces and a lower surfaces of
the gate layers 304. FIG. 3 illustrates three gate layers 304.
However, a 3D AND memory may have any number of gate
layers 304.

Additionally, the 3D AND flash memory includes a plu-
rality of elliptically shaped cylindrical channel pillars 308.
FIG. 3 illustrates four elliptically shaped cylindrical channel
pillars 308. However, a 3D AND flash memory may have
any number of elliptically shaped cylindrical channel pillars
308. The elliptically shaped cylindrical channel pillars 308
vertically extend through each gate layer 304 of the gate
stack structure 302. As illustrated, a cross-section of the
clliptically shaped cylindrical channel pillar 308 1s an ellip-
tical cylinder. Additionally, in this aspect of the technology
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disclosed and as 1llustrated in the cross-sectional view 350,
the ferroelectric layers 306 also contact the elliptically
shaped cylindrical channel pillars 308 (1.e., the ferroelectric
layers 306 are disposed between the gate layers 304 and the
clliptically shaped cylindrical channel pillars 308). The
process of forming this structure illustrated 1 FIG. 3 1s
illustrated in FIGS. 7-10 and 1s discussed in detail below. In
another aspect of the technology disclosed, the ferroelectric
layers 306 cover/surround outer surfaces of the elliptically
shaped cylindrical channel pillars 308. The process of form-
ing this alternate structure 1s illustrated in FIGS. 11-14 and
1s discussed 1n detail below.

Turing back to FIG. 3, a first conductive pillar 310 that
can be a source pillar or a drain pillar 1s disposed/located
within each elliptically shaped cylindrical channel pillar
308, where each first conductive pillar 310 also vertically
extends through the gate stack structure 302. Further, a
second conductive pillar 312 that can be a source pillar or a
drain pillar 1s disposed/located within each -elliptically
shaped cylindrical channel pillar 308, where each second
conductive pillar 312 also vertically extends through the
gate stack structure 302. In other words, each elliptically
shaped cylindrical channel pillar 308 1ncludes a first con-
ductive pillar 310 and a second conductive pillar 312 pair.
As an alternative to what 1s illustrated in FIG. 3, the first
conductive pillar 310 and the second conductive pillar 312
pair may be oniented such that the second conductive pillar
312 i1s to the left and the first conductive pillar 310 1s on the
right, within the elliptically shaped cylindrical channel pillar
308.

Additionally, the first conductive pillar 310 and the sec-
ond conductive pillar 312 of each pair are separated from
cach other within the elliptically shaped cylindrical channel
pillar 308. Further, the first conductive pillar 310 and the
second conductive pillar 312 are connected to the elliptically
shaped cylindrical channel pillar 308. An insulating pillar
(not illustrated) 1s disposed within each elliptically shaped
cylindrical channel pillar 308 and between each first con-
ductive pillar 310 and second conductive pillar 312 pair. In
the same fashion as the elliptically shaped cylindrical chan-
nel pillars 308, the first conductive pillars 310 and the
second conductive pillars 312 extend above and below the
gate stack structure 302.

The elliptically shaped cylindrical channel pillars 308 can
be continuous in the vertical direction 1n which they extend,
meaning that the elliptically shaped cylindrical channel
pillars 308 are integral in their extending direction and are
not divided into a plurality of disconnected portions. Alter-
natively, the elliptically shaped cylindrical channel pillars
308 can be discontinuous 1n the vertical direction 1n which
they extend, meaning that the elliptically shaped cylindrical
channel pillars 308 are not integral in their extending
direction and are divided into a plurality of disconnected
portions.

The ferroelectric layers 306 can be comprised of a ferro-
electric HIO, material, hatnium oxide, including, for
example, silicon-doped hatnium oxide and zirconium-doped
hatnium oxide, or any other ferroelectric type material that
1s known to a person of ordinary skill in the art. For example,
the ferroelectric HIO, material can have an approximate
thickness of 20 nm and can have an approximate micro
coulomb per square centimeter (uC/cm”) of 15-18.

FIG. 4 1llustrates various voltages applied to a 3D AND
flash memory to perform a read operation, according to an
aspect of the technology disclosed.

The 3D AND flash memory are configured to perform
various operations, such as read, program (write) and erase.
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Controller circuitry 1s configured to provide specific elec-

trical signals to various parts of the 3D AND flash memory

in order to perform these various operations. Example

controller circuitry 1s illustrated 1n FIG. 15 and 1s discussed

in more detail below. d
FIG. 4 1llustrates source line SL.1, bit line BLL1, source line

SL2 and bit line BL2. Source line SLL1 corresponds, for
example, to an electrical connection to first conductive pillar
310 of FIG. 3 or corresponds to the first conductive pillar
310 itself. Bit line BL1 corresponds, for example, to an
clectrical connection to second conductive pillar 312 of FIG.
3 or corresponds to the second conductive pillar 312 itself.
Further, source line SLL1 and bit line BLL1 correspond to
clectrical connections to a first conductive pillar 310 and
second conductive pillar 312 pair (or to the first conductive
pillar 310 and second conductive pillar 312 pair itself)
located within a particular elliptically shaped cylindrical
channel pillar 308. In other words, source line SL1 and bit
line BLL1 are located within the same elliptically shaped »g
cylindrical channel pillar 308.

Source line SL2 corresponds, for example, to an electrical
connection to another first conductive pillar 310 of FIG. 3 or
corresponds to the other first conductive pillar 310 1tself. Bit
line BL2 corresponds, for example, to an electrical connec- 25
tion to another second conductive pillar 312 of FIG. 3 or
corresponds to the other second conductive pillar itself 312.
Further, source line SL2 and bit line BL2 correspond to
clectrical connections to another first conductive pillar 310
and second conductive pillar 312 pair (or to the other first 30
conductive pillar 310 and second conductive pillar 312 pair
itsell) located within a another elliptically shaped cylindrical
channel pillar 308. In other words, source line SL2 and bit
line BL2 are located within the same elliptically shaped
cylindrical channel pillar 308. 35

FIG. 4 also 1llustrates four word lines including WL1,
WL2, WL3 and WL4. The four word lines correspond to
clectrical connections to various gate layers (e.g., gate layers
304 of FIG. 3) or to the gate layers themselves.

As 1llustrated 1in FIG. 4, a cell 1s selected for the read 40
operation. The selected cell of the 3D AND memory 1s
located at the intersection of source line SL1, bit line BLL1
and word line WL4. In order to perform a read operation on
the selected cell (1) a selected word line voltage VwL of
approximately 2V to 4V 1s applied to word line WL4, (11) a 45
de-selected word line voltage VewlL of approximately OV to
-2V 1s applied to non-selected word lines WL1, WL2 and

WL3, (111) a selected bit line voltage VBL of approximately
0.5V to 1.5V 1s applied to bit line BLL1, (1v) a de-selected bit

line voltage of OV 1s applied to non-selected bit line BLL2 and 50
(v) a source line voltage of OV 1s applied to source lines SL1
and SL2. The use of a negative voltage VcwL on the
de-selected word lines WL1, WL2 and WL3 can avoid
leakage current from the de-selected word lines WL1, WL2
and WL3. With the 3D AND flash memory structure 55
described herein, a target read speeds on the order of
approximately 100 ns can be achieved.

FIG. § illustrates various voltages applied to a 3D AND
flash memory to perform a program (write) operation,
according to an aspect of the technology disclosed. 60

The 3D AND flash memory 1s configured to perform
various operations, such as read, program (write) and erase.
Controller circuitry 1s configured to provide specific elec-
trical signals to various parts of the 3D AND flash memory
in order to perform these various operations. Example 65
controller circuitry 1s 1llustrated 1n FIG. 15 and 1s discussed
in more detail below.
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FIG. 5 illustrates source line SL.1, bit line BL.1, source line
SL.2 and bit line BL2. Source line SL1 corresponds, for
example, to an electrical connection to first conductive pillar
310 of FIG. 3 or corresponds to the first conductive pillar
310 itself. Bit line BL1 corresponds, for example, to an
clectrical connection to second conductive pillar 312 of FIG.
3 or corresponds to the second conductive pillar 312 1tself.
Further, source line SL1 and bit line BL1 correspond to
clectrical connections to a first conductive pillar 310 and
second conductive pillar 312 pair (or to the first conductive
pillar 310 and second conductive pillar 312 pair 1tself)
located within a particular elliptically shaped cylindrical
channel pillar 308. In other words, source line SL.1 and bit
line BL1 are located within the same elliptically shaped
cylindrical channel pillar 308.

Source line SL2 corresponds, for example, to an electrical
connection to another first conductive pillar 310 of FIG. 3 or
corresponds to the other first conductive pillar 310 1itself. Bit
line BL2 corresponds, for example, to an electrical connec-
tion to another second conductive pillar 312 of FIG. 3 or
corresponds to the other second conductive pillar itself.
Further, source line SL2 and bit line BL2 correspond to
clectrical connections to another first conductive pillar 310
and second conductive pillar 312 pair (or to the other first
conductive pillar 310 and second conductive pillar 312 pair
itselt) located within a another elliptically shaped cylindrical
channel pillar 308. In other words, source line SL2 and bit
line BL2 are located within the same elliptically shaped
cylindrical channel pillar 308.

FIG. 5 also illustrates four word lines including WL,
WL2, WL3 and WL4. The four word lines correspond to
clectrical connections to various gate layers (e.g., gate layers
304 of FIG. 3) or to the gate layers themselves.

As 1llustrated 1n FIG. 5, a cell 1s selected for the program
(write) operation. The selected cell of the 3D AND memory
1s located at the intersection of source line SI.1, bit line BLL1
and word line WL4. In order to perform a program (write)
operation on the selected cell (1) a selected word line voltage
Vo o approximately 5V to 8V 1s applied to word line
WL4, (1) a de-selected word line voltage of approximately
0V 1s applied to non-selected word lines WL1, WL2 and
WL3, (111) a selected bit line voltage of approximately OV 1s
applied to bit line BL1, (1v) a selected source line voltage of
0V 1s applied to source line SL1, (v) a de-selected bit line
voltage V rr72777=0.5V 5 21 .18 applied to non-selected bit line
.2 and (v1) a de-selected source line voltage
V ovrrrmr—0.9V oo, - 18 applied to non-selected source line
SL2. With the 3D AND flash memory structure described
herein, a target program (write) speed of approximately 1 us
can be achieved.

FIG. 6 1llustrates various voltages applied to a 3D AND
flash memory to perform an erase operation, according to an
aspect of the technology disclosed.

The 3D AND flash memory 1s configured to perform
various operations, such as read, program (write) and erase.
Controller circuitry 1s configured to provide specific elec-
trical signals to various parts of the 3D AND flash memory
in order to perform these various operations. The controller
circuitry 1s illustrated 1n FIG. 15 and 1s discussed 1n more
detail below.

FIG. 6 1llustrates source line SL.1, bit line BLL1, source line
SL2 and bit line BL2. Source line SL1 corresponds, for
example, to an electrical connection to first conductive pillar
310 of FIG. 3 or corresponds to the first conductive pillar
310 itself. Bit line BL1 corresponds, for example, to an
clectrical connection to second conductive pillar 312 of FIG.
3 or corresponds to the second conductive pillar 312 1tself.
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Further, source line SLL1 and bit line BL1 correspond to
clectrical connections to a first conductive pillar 310 and
second conductive pillar 312 pair (or to the first conductive
pillar 310 and second conductive pillar 312 pair itself)
located within a particular elliptically shaped cylindrical
channel pillar 308. In other words, source line SL1 and bit
line BL1 are located within the same elliptically shaped
cylindrical channel pillar 308.

Source line SL2 corresponds, for example, to an electrical
connection to another first conductive pillar 310 of FIG. 3 or
corresponds to the other first conductive pillar 310 1itself. Bit
line BL2 corresponds, for example, to an electrical connec-
tion to another second conductive pillar 312 of FIG. 3 or
corresponds to the other second conductive pillar 312 1tself.
Further, source line SL2 and bit line BL2 correspond to
clectrical connections to another first conductive pillar 310
and second conductive pillar 312 pair (or to the other first
conductive pillar 310 and second conductive pillar 312 pair
itsell) located within a another elliptically shaped cylindrical
channel pillar 308. In other words, source line SL.2 and bit
line BL2 are located within the same elliptically shaped

cylindrical channel pillar 308.

FIG. 4 also 1llustrates four word lines including WL1,
WL2, WL3 and WL4. The four word lines correspond to
electrical connections to various gate layers (e.g., gate layers
304 of FIG. 3) or to the gate layers themselves.

As 1llustrated 1n FIG. 6, a cell 1s selected for the erase
operation. The selected cell of the 3D AND memory 1s
located at the intersection of source line SL.1, bit line BLL1
and word line WL4. In order to perform an erase operation
on the selected cell (1) a selected word line voltage V .. of
approximately -5V to -8V 1s applied to word line WL4, (11)
a de-selected word line voltage of approximately OV 1is
applied to non-selected word lines WL1, WL2 and WL3,
(111) a selected bit line voltage of approximately OV 1s
applied to bit line BLL1, (1v) a selected source line voltage of
0V 1s applied to source line SL1, (v) a de-selected bit line
voltage V ,nrrr57-0.5V o» o 18 applied to non-selected bit line
BL2 and (vi) a de-selected source line voltage
V verrer—0.9V oo 18 applied to non-selected source line
SL2. With the 3D AND flash memory structure described
herein, a target erase speed of approximately 1 us can be
achieved.

In one aspect of the technology disclosed, an undesirably
high negative bias at source line SLL1 and bit line BLL1 can
be avoided. In this aspect of the technology disclosed,
voltages are shifted (divided voltage scheme) to avoid the
negative bias. For example, at V., =8V, voltages applied
to the terminals are shifted +4V. For example, +4V can be
applied to selected source line SLL1 and selected bit line BL1,
OV can be applied to de-selected source line SL2 and
de-selected bit line BL2, -4V can be applied to selected
word line WL4 and +4V can be applied to de-selected word
lines WL1, WL2 and WL3. This erase operation can be bit
alterable.

FIG. 7 illustrates various steps performed to manufacture
a gate stack structure of a 3D AND flash memory according
to a first process. The entire first process spans FIGS. 7-11.
The resulting structure formed from the first process results
in a structure that has a different ferroelectric layer formation
when compared to the ferroelectric layer formation resulting,
from the structure formed by a (different) second process
described 1n more detail below.

Process flow 700 of FIG. 7 includes four steps including
(1) stack formation, (2) vertical channel hole formation, (3)
channel deposition and (4) channel spacer formation. Each
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step includes a cross-section view A-A', a top view B-B'
from one location and a top view C-C' from another location.

The stack formation step includes forming a stack that
includes a dielectric layer (base) 702 having two electrical
connections 704 and 706 disposed therein. The dielectric
layer (base) 702, for example, can be a silicon oxide layer
that 1s formed on a silicon substrate or it can be any other
dielectric known to a person of ordinary skill in the art. The
clectrical connection 704 (e.g., a conductive plug) can be a
first buried conductor (e.g., a buried source conductor) that
1s disposed horizontally under the stack and i1s eventually
clectrically connected to the source pillar (e.g., see first
conductive pillar 210 of FIG. 2) and the electrical connec-
tion 706 (e.g., a conductive plug) can be a second buried
conductor (e.g., a buried drain conductor) that 1s disposed
horizontally under the stack and 1s eventually electrically
connected to the drain pillar (e.g., see second conductive
pillar 212 of FIG. 2). The electrical connection 704 can be
referred to as a disposed first buried conductor that 1s
connected to a first conductive pillar 210 and the electrical
connection 706 can be referred to as a disposed second
buried conductor that 1s connected to a second conductive
pillar 212. The electrical connections 704 and 706 are
comprised of polysilicon, metal of other conductive mate-
rials. The electrical connections 704 and 706 can be an
etching stop layer.

The stack structure formed in the stack formation step
further includes alternating layers of (1) an insulating layer
such as, for example, silicon oxide and (1) a sacrificial layer
of, for example, silicon monomitride (SiN). The bottom
silicon oxide layer can be referred to as a first layer, the
adjacent SiN layer can be referred to as a second layer, the
adjacent silicon oxide layer can be referred to as a third
layer, the adjacent SiN layer can be referred to as a fourth
layer and the adjacent silicon oxide layer can be referred to
as a fifth layer. In FIG. 7, the stack structure has three
insulating layers and two sacrificial layers, but the technol-
ogy disclosed 1s not limited thereto. For example, more
insulating layers and more sacrificial layers may be formed
according to actual requirements. Further, as illustrated 1n
the stack formation step, top view B-B' provides a top view
of the msulating layer and top view C-C' provides a top view
of the sacrificial layer

The vertical channel hole formation step includes forming,
a vertical and elliptical channel hole 708 1n the alternating
layers. Top view B-B' and top view C-C' illustrate the
clliptical cross-section of the vertical and elliptical channel
hole 708.

The channel deposition step includes applying a channel
layer 710 along the vertical walls of the five alternating
layers and on top of the uppermost insulating layer. Spe-
cifically, the channel layer 710 can be applied by forming a
channel material layer on a top face of an uppermost
insulating layer and an inner surface and a bottom of the
vertical and elliptical channel hole 708. The channel layer
710 can be, for example, an undoped polysilicon layer, or
can be otherwise doped (e.g., lightly doped) for purposes of
performing as a channel. Top view B-B' and top view C-C'
illustrate the elliptical cross-section of the channel layer 710
and the vertical and elliptical channel hole 708.

The channel spacer step includes removing a portion of
the channel layer 710 that 1s on the top of the uppermost
insulating layer and removing a portion of the channel layer
710 that 1s on the bottom of the vertical and elliptical
channel hole 708. This can be done by, for example, per-
forming an anisotropic etching process to remove the chan-
nel layer 710 from the top of the uppermost msulation layer




US 11,133,329 B2

13

and the bottom of the vertical and elliptical channel hole
708. Top view B-B' and top view C-C! illustrate the fact that
the channel layer 710 has been removed from the bottom of
the vertical and elliptical channel hole 708.

FI1G. 8 illustrates various steps performed to manufacture
a gate stack structure of a 3D AND flash memory according
to the first process.

Specifically, FIG. 8 illustrates process flow 800, which
continues the process illustrated 1n FIG. 7 and discussed
above. Process flow 800 of FIG. 8 includes four steps
including (5) insulator fill and center space formation, (6)
Si1N fill 1n, (7) hole etch and (8) oxide removal. Each step
includes a cross-section view A-A', a top view B-B' from one
location and a top view C-C' from another location.

The 1nsulator fill and center space formation step includes
depositing an insulator, such as, for example, oxide into the
vertical and elliptical channel hole 708, while also leaving a
center space 802 1n the vertical and elliptical channel hole
708. The center space 802 can be, for example an annular
hole with a diameter that reduces as the center space 802
gets closer to the dielectric layer 702. Top view B-B' and Top
view C-C' illustrate the elliptical cross-sectional shape of the
oxide within the vertical and elliptical channel hole 708 and
also 1llustrate the circular or annular cross-sectional shape of
the center space 802.

The SiN fill 1n step includes filling 1n the center space 802
with an isulator, such as SiN. This SiN can be referred to
as a center column. The oxide isulator surrounds the center
column. Top view B-B' and Top view C-C' illustrate the
cross-sectional view of the SiN filled into the center space
802.

The hole etch step includes etching a hole 804 through the
oxide layer and etching a hole 806 through the oxide layer.

Top view B-B' and Top view C-C' illustrate the orientation
of the hole 804, the hole 806 and the S1N with respect to one

another.

The oxide removal step includes further removing por-
tions of the oxide. Top view B-B' and Top view C-C
illustrate the additional portions of the oxide that are
removed 1n this step. The step essentially expands the holes
804 and 806, such that the expanded holes reach the channel
layer 710.

FIG. 9 illustrates various steps performed to manufacture
a gate stack structure of a 3D AND flash memory according
to the first process.

Specifically, FIG. 9 illustrates process flow 900, which
continues the process illustrated 1n FIG. 8 and discussed
above. Process flow 900 of FIG. 9 includes three steps
including (9) Plug formation, (10) SiN stack removal and
(11) formation of ferroelectric and TiN layers. Each step
includes a cross-section view A-A', a top view B-B' from one
location and a top view C-C' from another location.

The plug formation step includes disposing, for example,
conductors such as a doped polysilicon layers 902 and 904
in the expanded holes formed 1n the oxide removal step of
FIG. 8. The doped polysilicon layers 902 and 904 represent
the first conductive pillar 210 and the second conductive
pillar 212 of the 3D AND flash memory, as illustrated in
FIG. 2. As 1llustrated in top view B-B' and top view C-C', the
layers 902 and 904 are within the elliptical channel layer
710. Further, layers 902 and 904 are separated (insulated)
from each other by the oxide and the SiN. Hereinafter, the
layer 902 will be referred to as the first conductive pillar and
layer 904 will be referred to as the second conductive pillar.

The SiN stack removal step includes removing the sac-
rificial layers from the stack to form openings 906, 908, 910
and 912. Top view B-B' and top view C-C' illustrate the
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differences in cross-sections that include the silicon oxide
(see view B-B') and that include the openings 910 and 912
(see view C-C').

The formation of ferroelectric and TiN layers includes
adding ferroelectric layers 914 1nside the openings 906, 908,
910 and 912 and then adding TiN layers 916 inside the
openings 906, 908, 910 and 912. The ferroelectric layers 914
may be comprised of a ferroelectric HIO, maternial or any
other ferroelectric type material that 1s known to a person of
ordinary skill in the art, and the TiN layers 916 may
comprise other metal Nitride materials or other barrier
materials such as TaN. Top view B-B' illustrates that the
terroelectric layers 914 and the TiN layers 916 are not
present 1n the cross-section of the silicon oxide layer and top
view C-C' illustrates that the ferroelectric layers 914 and the
TiN layers 916 are present 1n the cross section taken from
where the openings 910 and 912 were formed. As 1llustrated
in top view C-C', one of the ferroelectric layers 914 1is
clliptical and contacts the channel layer and one of the TiN
layers 916 1s elliptical and contacts the ferroelectric layer
914.

FIG. 10 1llustrates a step performed to manufacture a gate
stack structure of a 3D AND flash memory according to the
first process.

Specifically, FIG. 10 1llustrates process tlow 1000, which
continues the process illustrated 1n FIG. 9 and discussed
above. Process flow 1000 of FIG. 10 includes one step
including (12) gate formation.

The gate formation step includes adding gate layers 1002
in the remaining spaces of the openings 906, 908, 910 and
912. As illustrated, the ferroelectric layer 914 1s covers (in
on) an upper surface and a lower surface of each gate layer
1002. The gate layers 1002 may comprise, for example,
polysilicon, amorphous silicon, tungsten (W), cobalt (Co),
aluminum (Al), tungsten silicide (WSix), or cobalt silicide
(CoSi1x). In addition, in other embodiments, a barrier layer
may be sequentially formed 1n the openings 906, 908, 910
and 912 before the gate layers 1002 are formed. The barrier
layer can be made of, for example, titanium (11), titanium
nitride (TiN), tantalum (Ta), tantalum mtride (TaN), or a
combination thereof.

Top view B-B' and top view C-C' illustrate the different
layers surrounding the channel layer 710 from the cross-
section of a silicon oxide layer and the cross-section of a
gate layer 1002.

FIG. 11 illustrates various steps performed to manufacture
a gate stack structure of a 3D AND flash memory according
to a second process.

The resulting structure formed from the second process
results 1n a structure that has a different ferroelectric layer
formation when compared to the ferroelectric layer forma-
tion resulting from the structure formed by the first process.

Process tlow 1100 of FIG. 11 includes 4 steps including
(1) stack formation, (2) vertical channel hole formation, (3)
terroelectric layer formation and (4) channel deposition.
Each step includes a cross-section view A-A', a top view
B-B' from one location and a top view C-C' from another
location.

The stack formation step includes forming a stack that
includes a dielectric layer (base) 1102 having two electrical
connections 1104 and 1106 disposed therein. The dielectric
layer (base) 1102, for example, 1s a silicon oxide layer that
1s formed on a silicon substrate. The electrical connection
1104 can be a source conductor that 1s disposed horizontally
under the stack and 1s eventually electrically connected to
the source pillar (e.g., see first conductive pillar 210 of FIG.
2) and the electrical connection 1106 can be a drain con-
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ductor that 1s disposed horizontally under the stack and 1s
eventually electrically connected to the drain pillar (e.g., see
second conductive pillar 212 of FIG. 2). The electrical
connection 1104 can be referred to as a disposed first buried
conductor that 1s connected to a first conductive pillar 210
and the electrical connection 1106 can be referred to as a
disposed second buried conductor that is connected to a
second conductive pillar 212. The electrical connections
1104 and 1106 are comprised of polysilicon, metal of other
conductive materials.

The stack structure formed 1n the stack formation step
turther includes alternating layers of (1) an msulating layer
such as, for example, silicon oxide and (11) a sacrificial layer
of, for example, silicon mononitride (S1N). In FIG. 11, the
stack structure has three insulating layers and two sacrificial
layers, but the technology disclosed 1s not limited thereto.
For example, more insulating layers and more sacrificial
layers may be formed according to actual requirements.
Further, as illustrated in the stack formation step, top view
B-B' provides a top view of the msulating layer and top view
C-C' provides a top view of the sacrificial layer

The vertical channel hole formation step includes forming
a vertical and elliptical channel hole 1108 in the alternating
layers. Top view B-B' and top view C-C' illustrate the
clliptical cross-section of the vertical and elliptical channel
hole 1108.

The ferroelectric layer formation step includes applying a
terroelectric layer 1108 along the vertical walls of the five
alternating layers and on top of the uppermost insulating
layer. Specifically, the ferroelectric layer 1110 can be applied
by forming a ferroelectric material layer on a top face of an
uppermost isulating layer and an inner surface and a
bottom of the vertical and elliptical channel hole 1108. The
terroelectric layer 1110 can be, for example a ferroelectric
H1O, matenial or any other ferroelectric type material that 1s
known to a person of ordinary skill 1n the art. Top view B-B'
and top view C-C" illustrate the elliptical cross-section of the
terroelectric layer 1110 and the vertical and elliptical chan-
nel hole 1108.

The channel deposition step includes applying a channel
layer 1112 along the ferroelectric layer 1110. Specifically,
the channel layer 1112 can be applied by forming a channel
maternial over the ferroelectric layer 1110, such that 1t 1s
located on a top face of an uppermost insulating layer and an
inner surface and a bottom of the vertical and elliptical
channel hole 1108. The channel layer 1112 can be, for
example, an undoped polysilicon layer, or can be otherwise
doped (e.g., lightly doped) for purposes of performing as a
channel. Top view B-B' and top view C-C' illustrate the
clliptical cross-section of the ferroelectric layer 1110, the
channel layer 1112 and the vertical and elliptical channel
hole 1108. As illustrated, the ferroelectric layer 1110 covers/
surrounds an outer surface of the channel layer 1112.

FIG. 12 illustrates various steps performed to manufac-
ture a gate stack structure of a 3D AND flash memory
according to the second process.

Specifically, FIG. 12 illustrates process flow 1200, which
continues the process illustrated 1n FIG. 12 and discussed
above. Process flow 1200 of FIG. 12 includes four steps
including (5) spacer formation, (6) insulator fill and center
space formation, (7) SiN fill 1n and (8) hole etch. Each step
includes a cross-section view A-A', a top view B-B' from one
location and a top view C-C' from another location.

The channel spacer step includes removing a portion of
the ferroelectric layer 1110 and the channel layer 1112 that
1s on the top of the uppermost isulating layer and removing
a portion of ferroelectric layer 1110 and the channel layer

10

15

20

25

30

35

40

45

50

55

60

65

16

1112 that 1s on the bottom of the vertical and elliptical
channel hole 1108. This can be done by, for example,
performing an anisotropic etching process to remove the
terroelectric layer 1110 and the channel layer 1112 from the
top of the uppermost msulation layer and the bottom of the
vertical and elliptical channel hole 1108. Top view B-B' and
top view C-C' 1llustrate the fact that the ferroelectric layer
1110 and the channel layer 1112 have been removed from the
bottom of the vertical and elliptical channel hole 1108. As
illustrated, the {ferroelectric layer 1110 covers an outer
surface of the channel layer 1112 (e.g., the elliptically
shaped cylindrical channel pillar 206 of FIG. 2).

The 1nsulator fill and center space formation step includes
depositing an insulator, such as, for example, oxide into the
vertical and elliptical channel hole 1108, while also leaving
a center space 1202 1n the vertical and elliptical channel hole
1108. The center space 1202 can be, for example an annular
hole with a diameter that reduces as the center space 1202
gets closer to the dielectric layer (base) 1102. Top view B-B'
and Top view C-C' illustrate the elliptical cross-sectional
shape of the oxide within the vertical and elliptical channel
hole 1108 and also 1llustrate the circular or annular cross-
sectional shape of the center space 1202.

The SiN {fill 1 step includes filling in the center space
1202 with an insulator, such as SiN. Top view B-B' and Top
view C-C' illustrate the cross-sectional view of the SiN filled
into the center space 1202.

The hole etch step includes etching a hole 1204 through
the oxide layer and etching a hole 1206 through the oxide
layer. Top view B-B' and Top view C-C' 1illustrate the
orientation of the hole 1204, the hole 1206 and the SiN with
respect to one another.

FIG. 13 illustrates various steps performed to manufac-
ture a gate stack structure of a 3D AND flash memory
according to the second process.

Specifically, FIG. 13 1llustrates process tlow 1300, which
continues the process illustrated 1in FIG. 12 and discussed
above. Process flow 1300 of FIG. 13 includes three steps
including (9) oxide removal, (10) Plug formation and (11)
S1N stack removal. Each step includes a cross-section view
A-A', a top view B-B' from one location and a top view C-C'
from another location.

The oxide removal step includes turther removing por-
tions of the oxide. Top view B-B' and Top view C-C
illustrate the additional portions of the oxide that are
removed 1n this step. The step essentially expands the holes
1204 and 1206 to form expanded holes 1302 and 1304, such
that the expanded holes reach the channel layer 1112.

The plug formation step includes disposing, for example,
conductors such as a doped polysilicon layers 1306 and
1308 the expanded holes 1302 and 1304 formed 1n the oxide
removal step. The doped polysilicon layers 1306 and 1308
represent the first conductive pillar 210 and the second
conductive pillar 212 of the 3D AND flash memory, as
illustrated 1n FIG. 2. As illustrated 1n top view B-B' and top
view C-C', the layers 1306 and 1308 are within the elliptical
channel layer 1112. Further, layers 1306 and 1308 are
separated (1nsulated) from each other by the oxide and the
S1N. Hereinafter, the layer 1306 will be referred to as the
first conductive pillar and layer 1308 will be referred to as
the second conductive pillar.

The SiN stack removal step includes removing the sac-
rificial layers from the stack to form openings 1310, 1312,
1314 and 1316. Top view B-B' and top view C-C' 1llustrate
the differences in cross-sections that include the silicon
oxide (see view B-B') and that include the openings 1314

and 1316 (see view C-C").
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FIG. 14 1llustrates a step performed to manufacture a gate
stack structure of a 3D AND flash memory according to the
second process.

Specifically, FIG. 14 illustrates process flow 1400, which
continues the process illustrated 1n FIG. 13 and discussed
above. Process tlow 1400 of FIG. 14 includes one step
including (12) TiN and gate formation.

The formation TiN layers includes adding TiN lavers
1402 inside the openings 1310, 1312, 1314 and 1316. The

TiN layers 916 may comprise other metal Nitride materials
or other barrier materials, such as TaN. Top view B-B'
illustrates that the ferroelectric layers 1110 and the TiN
layers 1402 are not present 1n the cross-section of the silicon
oxide layer and top view C-C' illustrates that the ferroelec-
tric layers 1110 and the TiN layers 1404 are present in the
cross section taken from where the openings 1314 and 1316
were formed. As illustrated in top view C-C', one of the
terroelectric layers 1110 1s elliptical and contacts the channel
layer 1112 and one of the TiN layers 1402 1s elliptical and
contacts the ferroelectric layer 1110.

The gate formation step includes adding gate layers 1404
in the remaining spaces of the openings 1310, 1312, 1314
and 1316. The gate layers 1404 may comprise, for example,
polysilicon, amorphous silicon, tungsten (W), cobalt (Co),
aluminum (Al), tungsten silicide (WSix), or cobalt silicide
(CoSi1x). In addition, in other embodiments, a barrier layer
may be sequentially formed i1n the openings 1310, 1312,
1314 and 1316 betore the gate layers 1404 are formed. The
barrier layer can be made of, for example, titanium (1),
titanium nitride (T1N), tantalum (Ta), tantalum nitride (TaN),
or a combination thereof.

Top view B-B' and top view C-C' illustrate the diflerent
layers surrounding the channel layer 1112 from the cross-
section of a silicon oxide layer and the cross-section of a
gate layer 1404.

FIG. 15 illustrates a simplified block diagram of a gate
stack structure of a 3D AND flash memory, host and a
controller configured to perform operations on the 3D AND
flash memory.

FIG. 15 1s a simplified diagram of a memory system 1500
that includes a 3D AND flash memory device 1508 imple-
mented on an mtegrated circuit and a host 1502 configured
for memory operations, including page program, program,
read, erase, or other operations. In various embodiments, the

memory device 1508 may have single-level cells (SLC), or
multiple-level cells storing more than one bit per cell (e.g.,
MLC, TLC or XLC). The memory device 1508 can be
implemented on a single integrated circuit chip, on a mul-
tichip module, or on a plurality of chips configured as suits
a particular need.

The memory device 1508 includes a memory array 1578,
which can be a 3D AND flash memory implemented using,
three-dimensional array technology, such as the structures
described above with reference to FIGS. 1-14. In some
embodiments, the memory array 1578 comprises an array of
vertical AND pillars 1n a dense 3D configuration. In other
embodiments the memory array 1578 can comprise a two-
dimensional array of AND paillars.

A word line decoder 1576A 1s coupled via word line
driver circuits 15768 to a plurality of word lines 1577 1n the
memory array 1578. Page buller circuits 1538 are coupled
by bit line driver circuits 1548 to bit lines 1566 1n the
memory array 1578. In some embodiments, column decoder
circuits can be included for routing data from the bit line
drivers to selected bit lines. The page buller circuits 1538
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can store pages of data that define a data pattern for a page
program operation, and can include sensing circuits used in
read and verily operations

Bit lines for memory arrays can comprise global bit lines
(GBL) and local bit lines. Bit lines generally comprise
conductors 1n higher patterned layers that traverse a plurality
of blocks of memory cells 1n an array and connect to local
bit lines 1n the blocks via block select transistors or bank
select transistors. The local bit lines are connected to the
memory cells for current flow to and from the bit lines,
which 1 turn are connected to the bit line driver circuits
1548 and page builer circuits 1538. Likewise, the word lines
can include global word lines and local word lines with
corresponding supporting circuits in the word line drivers
15768B.

In a sensing operation, sensed data from the page builer
circuits 1538 are supplied via second data lines 1 bus
system 1526 to cache circuits 1528, which are i1n turn
coupled to mnput/output circuits 1518 via data path lines
1516. Also, mnput data 1s applied 1n this example to the cache
circuits 1528 on lines 1516, and to the page bufler circuits
1538 on bus system 1526, for use in support ol program
operations.

Input/output circuits 1518 are connected by line 1514
(1including 1/0 pads) and provide communication paths for
the data, addresses and commands with destinations external
to the memory device 1508, including the host 1502 in this
example. The mput/output circuits 1518 provide a commu-
nication path by line 1516 to cache circuits 1528 which
support memory operations. The cache circuits 1528 are 1n
data flow communication (using for example a bus system
1526) with page bufler circuits 1538.

Control circuits 1534 are connected to the input/output
circuits 1518, and 1include command decoder logic, address
counters, state machines, timing circuits and other logic
circuits that control various memory operations, including
program, read, and erase operations for the memory array
1578. For example, with reference to FIGS. 1-14 and the
descriptions thereot, the control circuits 1534 are configured
to (1) provide various voltages to a selected word line
connected to a selected gate layer of a gate stack structure of
the 3D flash memory, (1) provide various voltages to a
selected bit line connected to the second conductive pillar
within the elliptically shaped cylindrical channel pillar of the
3D flash memory, and (111) provide various voltages to a
selected source line connected to the first conductive pillar
within the elliptically shaped cylindrical channel pillar of the
3D tlash memory.

Control circuit signals are distributed to circuits 1n
memory device, as shown by arrows 1545, 1546, as required
to support the operations of the circuits. The control circuits
1534 can include address registers and the like for delivery
of addresses as necessary to the components of the memory
device 1508, including delivery to the cache circuits 1528,
and on line 1544 to the page bufler circuits 1538 and word
line decoder 1576A 1n this illustration.

In the example shown 1n FIG. 15, control circuits 1534
include control logic circuits that include modules 1imple-
menting a bias arrangement state machine, or machines,
which controls, or control, the application of bias voltages
generated or provided through the voltage supply or supplies
in block 1564, such as read, erase, verily and program
voltages including precharge voltages, pass voltages and
other bias voltages as described herein to word line driver
circuits 15768 and bit line driver circuits 1548, for a set of
selectable program and read operations. Bias voltages are
applied as represented by arrow 1563, to components of the
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memory device 1508, as necessary for support of the opera-
tions. As described 1n more detail below, the control circuits
1534 provide appropriate signals (e.g., voltages) to perform
the various read, write and erase operations described above
with respect to FIGS. 4-6.

The control circuits 1534 can include modules 1mple-
mented using special-purpose logic circuitry including state
machines, as known 1n the art. In alternative embodiments,
the control circuits 1534 can include modules implemented
using a general-purpose processor, which can be 1mple-
mented on the same integrated circuit, which execute a
computer program to control the operations of the memory
device 1508. In yet other embodiments, a combination of
special-purpose logic circuitry and a general-purpose pro-
cessor can be utilized for implementation of modules 1n
control circuits 1534.

The 3D AND flash memory array 1578 can comprise
floating gate memory cells or dielectric charge trapping
memory cells configured to store multiple bits per cell, by
the establishment of multiple program levels that correspond
to amounts of charge stored, which 1n turn establish memory
cell threshold voltages Vt. The technology can be used with
single-bit-per-cell flash memory, and with other multiple-
bit-per-cell and single-bit-per-cell memory technologies. In
other examples, the memory cells may comprise program-
mable resistance memory cells, phase change memory cells,
and other types ol non-volatile and volatile memory cell
technologies.

In the illustrated example, the host 1502 1s coupled to
lines 1514 on the memory device 1508, as well as other
control terminals not shown, such as chip select terminals
and so on, and can provide commands or 1nstructions to the
memory device 1508. In some examples, the host 1502 can
be coupled to the memory device using a serial bus tech-
nology, using shared address and data lines. The host 1502
can comprise a general-purpose processor, a special purpose
processor, a processor configured as a memory controller, or
other processor that uses the memory device 1508. All or
part of the host 1502 can be implemented on the same
integrated circuit as the memory.

The host 1502 can include a file system or file systems
that store, retrieve, and update data stored in the memory
based on requests from an application program. In general,
the host 1502 can include programs that perform memory
management functions and other functions that can produce
status information for data stored 1n the memory, including
information marking data mvalid as a result of such func-
tions. Such functions can include for example wear leveling,
bad block recovery, power loss recovery, garbage collection,
error correction, and so on. Also, the host 1502 can i1nclude
application programs, file systems, flash translation layer
programs and other components that can produce status
information for data stored in the memory, mncluding infor-
mation marking data invalid as a result of such functions.

In high density memory, a page can comprise hundreds or
thousands of bits, and a page buller can be connected in
parallel to the corresponding hundreds or thousands of bit
lines. During program operations, for example, one set of bit
lines and a word line are selected to be biased for program-
ming a particular data pattern that 1s defined by contents of
the page buller circuits 1538, and a different set of bit lines
1s selected to be biased to inhibit programming according to
the particular data pattern.

Other implementations of the method described 1n this
section can include a non-transitory computer readable
storage medium storing instructions executable by a proces-
sor to perform any of the methods described above. Yet

10

15

20

25

30

35

40

45

50

55

60

65

20

another mmplementation of the method described in this
section can include a system including memory and one or
more processors operable to execute instructions, stored in
the memory, to perform any of the methods described above.

Any data structures and code described or referenced
above are stored according to many implementations on a
computer-readable storage medium, which may be any
device or medium that can store code and/or data for use by
a computer system. This includes, but 1s not limited to,
volatile memory, non-volatile memory, application-specific
integrated circuits (ASICs), field-programmable gate arrays
(FPGAs), magnetic and optical storage devices such as disk
drives, magnetic tape, CDs (compact discs), DVDs (digital
versatile discs or digital video discs), or other media capable
ol storing computer-readable media now known or later
developed.

A number of flowcharts illustrating logic executed by a
memory controller or by memory device are described
herein. The logic can be implemented using processors
programmed using computer programs stored in memory
accessible to the computer systems and executable by the
processors, by dedicated logic hardware, including field
programmable integrated circuits, and by combinations of
dedicated logic hardware and computer programs. With all
flowcharts herein, 1t will be appreciated that many of the
steps can be combined, performed 1n parallel or performed
in a different sequence without aflecting the functions
achieved. In some cases, as the reader will appreciate, a
re-arrangement of steps will achieve the same results only 11
certain other changes are made as well. In other cases, as the
reader will appreciate, a re-arrangement of steps will achieve
the same results only 1f certain conditions are satisiied.
Furthermore, it will be appreciated that the flow charts
herein show only steps that are pertinent to an understanding
of the invention, and 1t will be understood that numerous
additional steps for accomplishing other functions can be
performed belore, after and between those shown.

While the present invention 1s disclosed by reference to
the preferred embodiments and examples detailed above, 1t
1s to be understood that these examples are intended 1n an
illustrative rather than 1n a limiting sense. It 1s contemplated
that modifications and combinations will readily occur to
those skilled in the art, which modifications and combina-
tions will be within the spirit of the invention and the scope
of the following claims.

What 1s claimed 1s:

1. A 3D flash memory, comprising;:

a gate stack structure comprising a plurality of gate layers

clectrically insulated from each other;

a cylindrical channel pillar vertically extending through
cach gate layer of the gate stack structure;

a first conductive pillar vertically extending through the
gate stack structure, the first conductive pillar being
located within the cylindrical channel pillar and being
clectrically connected to the cylindrical channel pillar;

a second conductive pillar vertically extending through
the gate stack structure, the second conductive pillar
being located within the cylindrical channel pillar and
being electrically connected to the cylindrical channel
pillar, the first conductive pillar and the second con-
ductive pillar being separated from each other; and

a ferroelectric layer disposed between gate layers of the
gate stack structure and the cylindrical channel pillar.

2. The 3D flash memory according to claim 1, wherein an
insulating pillar 1s disposed within the cylindrical channel
pillar and between the first conductive pillar and the second
conductive pillar.
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3. The 3D flash memory according to claim 1,

wherein a first buried conductor 1s disposed horizontally
under the gate stack structure and 1s electrically con-
nected to the first conductive pillar, and

wherein a second buried conductor 1s disposed horizon-

tally under the gate stack structure and 1s electrically
connected to the second conductive pillar.

4. The 3D flash memory according to claim 1, wherein the
terroelectric layer vertically extends through the gate stack
structure.

5. The 3D flash memory according to claim 1, wherein the
terroelectric layer 1s on an upper surface and a lower surface
of a gate layer of the plurality of gate layers.

6. The 3D flash memory according to claim 1, wherein the
terroelectric layer surrounds an outer surface of the cylin-
drical channel pillar.

7. The 3D flash memory according to claim 1, wherein the
cylindrical channel pillar 1s continuous in a vertical direc-
tion.

8. The 3D flash memory of claam 1, wherein the ferro-
clectric layer 1s comprised of a ferroelectric HIO, material.

9. The 3D flash memory of claim 1, further comprising;:

an insulator disposed between the first conductive pillar

and the second conductive pillar and extending along a
length of the first conductive pillar and the second
conductive pillar, the insulator separating the first con-
ductive pillar and the second conductive pillar from one
another.

10. The 3D flash memory of claim 1, further comprising:

a first buried conductor disposed 1n a dielectric base onto

which the gate stack structure 1s disposed and con-
nected to the first conductive pillar;

a second buried conductor disposed 1n the dielectric base

and connected to the second conductive pillar; and

a control circuit configured to perform a program opera-

tion on the 3D flash memory by:

providing a voltage V ., , of approximately +5 volts to
+8 volts on a selected word line connected to a
selected gate layer of the plurality of gate layers;

providing a voltage of approximately O volts on a
selected source line connected to the first buried
conductor connected to the first conductive pillar
within the cylindrical channel pillar; and

providing a voltage of approximately O volts on a
selected bit line connected to the second buried
conductor connected to the second conductive pillar
within the cylindrical channel pillar.

11. The 3D flash memory of claim 1, further comprising:

a control circuit configured to perform an erase operation

on the 3D flash memory by:

providing a voltage V .., . of approximately -5 volts to -8

volts on a selected word line connected to a selected
gate layer of the plurality of gate layers;

providing a voltage of approximately O volts on a selected

source line connected to the first conductive pillar
within the cylindrical channel pillar; and

providing a voltage of approximately O volts on a selected

bit line connected to the second conductive pillar
within the cylindrical channel pillar.

12. The 3D flash memory of claim 11, further comprising

a second cylindrical channel pillar having a same structure

and arrangement as the cylindrical channel pillar,
wherein the control circuit 1s further configured to per-
form the erase operation on the 3D flash memory by:
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providing a voltage of approximately 0 volts to dese-
lected word lines connected to gate layers of the
plurality of gate layers, except for the selected gate
layer;
providing a voltage of approximately (0.5)x(V .z<)
volts to a deselected source line connected to a third
conductive pillar within the second cylindrical chan-
nel pillar; and
providing a voltage of approximately (0.5)x(V 5o
volts to a deselected bit line connected to a fourth
conductive pillar within the second cylindrical chan-
nel pillar.
13. The 3D flash memory of claim 1, further comprising:
a second cylindrical channel pillar having a same struc-
ture and arrangement as the cylindrical channel pillar;
a third conductive pillar having a same structure and
arrangement as the first conductive pillar;
a fourth conductive pillar having a same structure and
arrangement as the second conductive pillar; and
a control circuit configured to perform a read operation on
the 3D flash memory by:
providing a voltage of approximately +2 volts to +4 volts
on a selected word line connected to a selected gate
layer of the plurality of gate layers;
providing a voltage of approximately 0 volts on selected
and deselected source lines connected to the first con-
ductive pillar within the cylindrical channel pillar and
connected to the third conductive pillar within the
second cylindrical channel pillar; and
providing a voltage of approximately +0.5 volts to +1.5
volts on a selected bit line connected to the first
conductive pillar within the cylindrical channel pillar.

14. The 3D flash memory of claim 13, wherein the control
circuit 1s further configured to perform the read operation on
the 3D flash memory by:

providing a voltage of approximately 0 volts to -2 volts
to deselected word lines connected to gate layers of the
plurality of gate layers, except for the selected gate
layer; and

providing a voltage of approximately 0 volts to a dese-
lected bit line connected to the fourth conductive pillar
within the second cylindrical channel pillar.

15. The 3D flash memory of claim 1, wherein the cylin-

drical channel pillar 1s elliptically shaped.

16. A control circuit configured to program, erase and read
a 3D flash memory, wherein the 3D flash memory com-
Prises:

a gate stack structure comprising a plurality of gate layers

clectrically insulated from each other;

a cylindrical channel pillar vertically extending through
cach gate layer of the gate stack structure;

a first conductive pillar vertically extending through the
gate stack structure, the first conductive pillar being
located within the cylindrical channel pillar and being
clectrically connected to the cylindrical channel pillar;

a second conductive pillar vertically extending through
the gate stack structure, the second conductive pillar
being located within the cylindrical channel pillar and
being electrically connected to the cylindrical channel
pillar, the first conductive pillar and the second con-
ductive pillar being separated from each other; and

a ferroelectric layer disposed between gate layers of the
gate stack structure and the cylindrical channel pillar,
and

wherein the control circuit 1s configured to variously per-
form program, erase and read operations by:
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providing various voltages to a selected word line con-
nected to a selected gate layer of the gate stack structure
of the 3D flash memory;

providing various voltages to a selected bit line connected
to the second conductive pillar within the cylindrical
channel pillar of the 3D flash memory; and

providing various voltages to a selected source line con-
nected to the first conductive pillar within the cylindri-
cal channel pillar of the 3D flash memory.

17. A method of forming a gate stack including a dielec-

tric layer and a ferroelectric layer, the method comprising:

forming a gate stack structure comprising a plurality of
gate layers electrically insulated from each other;

forming a cylindrical channel pillar vertically extending
through each gate layer of the gate stack structure;

forming a first conductive pillar vertically extending
through the gate stack structure, the first conductive
pillar being located within the cylindrical channel pillar
and being electrically connected to the cylindrical
channel pillar;

forming a second conductive pillar vertically extending
through the gate stack structure, the second conductive
pillar being located within the cylindrical channel pillar
and being electrically connected to the cylindrical

channel pillar;
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forming an 1nsulating pillar disposed within the cylindri-
cal channel pillar and between the first conductive
pillar and the second conductive pillar; and

forming a ferroelectric layer disposed between gate layers
of the gate stack structure and the cylindrical channel
pillar.
18. The method of claim 17, wherein the ferroelectric
layer vertically extends through the gate stack structure.

19. The method of claim 17,

wherein a cross-section of the ferroelectric layer 1s an
elliptical cylinder, and

wherein the ferroelectric layer surrounds an outer surface
of the cylindrical channel pillar.

20. The method of claim 17, further comprising;

disposing a first buried conductor 1n a dielectric base onto
which the gate stack structure 1s disposed, the first
buried conductor being connected to the first conduc-
tive pillar; and

disposing a second buried conductor in the dielectric base,
the second buried conductor being connected to the
second conductive pillar.
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